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Abstract—Non-orthogonal multiple access (NOMA) and the
cooperative relaying systems are two of the promising techniques
to meet requirements of future wireless networks such as high
spectral efficiency and wide coverage area. On the other hand, the
energy efficiency has also high priority in the applications with
limited energy such as sensor networks and/or internet of things
(IoTs). To this end, in this paper, we propose wireless powered
cooperative relaying system with NOMA thereby increasing
spectral and energy efficiency. We consider three different energy
harvesting (EH) protocols (i.e., power sharing (PS), time sharing
(TS) and ideal) and for all three EH protocols, we derive
achievable rate for the considered system model. We validate the
analysis with computer simulations and present the effectiveness
of wireless powered system compared to the benchmark.
Index Terms—wireless power transfer, energy harvesting, en-
ergy efficiency, cooperative relaying, non-orthogonal multiple
access
I. INTRODUCTION
With the exponential increase in connected-devices to the
internet, such as smart phones, tablets, watches etc. [1], the
future wireless networks are to have ability to meet massive-
type communication in ultra-dense networks. Besides, it is also
expected to have almost %100 coverage area and provide very-
high spectral efficiency [2]. In order to meet these require-
ments, the interplay between cooperative communication and
non-orthogonal multiple access (NOMA) has attracted recent
attention from researches [3]–[12].
The decay in spectral efficiency of cooperative commu-
nication has been resolved by NOMA implementation and
it is proved that NOMA-based cooperative relaying systems
(NOMA-CRS) provide higher spectral efficiency [3]. Thus,
NOMA-CRS have been analyzed widely in terms of achievable
rate, outage probability and bit error rate. The ergodic rate
of NOMA-CRS have been analyzed over Rayleigh [3] and
Rician [4] fading channels. Then, a novel receiver design has
been proposed for NOMA-CRS in [5]. NOMA-CRS with two
different transmission strategies have been investigated in [6].
Ergodic rate and outage probability are derived with channel
estimation errors. The bit error probability of NOMA-CRS
over Nakagami-m fading channels has been derived in [7] and
optimum power allocation is proposed to achieve minimum bit
error rate. Moreover, NOMA-CRS with an amplify-forward
relay has been analyzed in terms of capacity in [8]. NOMA-
CRS with multiple relays have been also analyzed. When two
relays are available in the system, NOMA-based diamond
relaying systems have been analyzed over Rayleigh fading
channels in terms of achievable rate [9] and bit error prob-
ability [10]. Relay selection schemes for NOMA-CRS have
been also investigated and in order to achieve maximum sum-
rate in NOMA-CRS, two stage relay selection algorithms have
been proposed [11]. Furthermore, NOMA-CRS with spatial
modulation have been analyzed in terms of achievable rate
and bit error rate [12]. However, all aforementioned studies
consider that the relay in NOMA-CRS has independent power
source and energy harvesting has not been considered.
On the other hand, the energy consumption is also very cru-
cial for future wireless networks. Especially in energy-limited
applications such as sensor networks and IoT applications,
energy harvesting (EH) from radio waves gains credit. To this
end, wireless power transfer (WPT) along with information
transferring have taken tremendous attention [13], [14]. Simul-
taneous wireless information and power transfer (SWIPT) have
been analyzed in both cooperative [15] and NOMA networks
[16]–[19]. Thus, an energy efficient communication system
can be implemented. In EH networks, the relay harvests energy
from source-to-relay radio link in order to re-transmit data
to the destination. However, as mentioned above, to the best
of the authors’ knowledge, none of the literature researches
considers EH in NOMA-CRS.
In this paper, we propose NOMA-CRS with WPT. We inves-
tigate achievable rate performance of NOMA-CRS with three
different EH protocols (i.e., power sharing (PS), time sharing
(TS) and ideal protocols) and derive ergodic rate of NOMA-
CRS over Rayleigh fading channels. The analysis is validated
via computer simulations and the achieved performance gain is
presented compared to the benchmark -NOMA-CRS without
WPT/EH-.
The rest of paper is organized as follows. In section II,
the NOMA-CRS with WPT is introduced and the EH for all
three protocols are defined. In section III, the achievable rate
for NOMA-CRS with WPT is derived. Then, the analytical
analysis is validated via computer simulations in Section IV.
The comparisons with the benchmark -NOMA-CRS without
WPT/EH- are also presented in this section. Finally, section
V discusses the results and concludes the paper.
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Fig. 1. The considered cooperative relaying system with NOMA
II. SYSTEM MODEL
As shown in Fig. 1, a cooperative relaying system is consid-
ered where a source (S) is willing to reach out the destination
(D) and a decode-forward relay (R) is helping for it. In order
to increase spectral efficiency, NOMA is implemented in the
first phase and the relay can harvest its energy from RF signal
in the first phase to transmit signal in the second phase.1
We assume all nodes are equipped with single antenna. The
flat fading channel coefficient (hk, k = sr, sd, rd) between
each node follows CN(0, σ2k) where σ
2
k denotes the large-
scale fading coefficient (i.e., path-loss driven by the distance
between nodes). γk = |hk|2 , k = sr, sd, rd is defined. As
shown in Fig. 2, three different EH protocols are implemented
which are called power sharing (PS), time sharing (TS) and
the ideal protocols. In Fig 2, we also present the benchmark
where no energy harvesting is available. In the first phase,
the source implements superposition coding for two symbols
of destination (
√
αx1 +
√
(1− α)x2) where α is the power
allocation coefficient (i.e., α < 0.5) and transmits it with a
source power according to implemented EH protocol. Thus,
the received signals at the relay and destination are given as
yk =
√
pPs
(√
αx1 +
√
(1− α)x2
)
hk + nk, k = sr, sd,
(1)
where p changes according to implemented EH protocol and
p = 1 in TS and ideal protocols whereas p = 1 − ρ in PS
protocol where ρ is PS factor. nk is additive Gaussian noise
and follows CN(0, N0).
Then, in the second phase, the relay implements successive
interference canceler (SIC) and forwards x1 symbols to the
destination. Thus, the received signal at the destination is given
as
yrd =
√
Prx1hrd + nrd, (2)
where Pr is the transmit power of the relay which is harvested
from the source-relay link in the first phase.
A. Source and Relay Powers According to EH Protocol
1) PS Protocol: As seen from Fig. 2(a), in the PS protocol,
the source consumes energy during half of the total system
duration. Let assume, the total power Pt is consumed during
T seconds, hence, the source power in PS mode is given by
Ps = 2Pt. The harvested energy in PS mode is defined
EH = ηρPs |hsr|2 (T/2), (3)
1The required energy to detect and/or modulate signal at the relay is
neglected and all the harvested energy is used to transmit signals.
where 0 < η < 1 is energy conversion coefficient. This
harvested energy EH is consumed by the relay within the
remained T/2 time interval. Thus, the relay power in PS mode
is obtained as Pr = ηρPsγsr.
2) TS Protocol: In TS protocol, the source consumes en-
ergy during (1 + ξ)T/2. Thus, by considering the total power
consumption, the source power in TS mode is obtained as
Ps = 2Pt/(1 + ξ). The harvested energy at the relay during the
first ξT time interval is given
EH = ηPsγsr(ξT ), (4)
and this harvested energy is consumed by the relay within
(1− ξ)T/2 time interval. Hence, the relay power is given by
Pr = 2η(ξ/(1− ξ))Psγsr.
3) Ideal Protocol: In the ideal protocol, the source trans-
mits power in the first T/2 time interval and the relay harvests
it. Following the steps above and below of (3) and/or (4). The
source power in the ideal protocol is Ps = 2Pt. The harvested
energy
EH = ηPsγsr(T/2) (5)
and the relay power is Pr = ηPsγsr.
B. Benchmark (No WPT/EH)
If the relay has not able to harvest energy, the total power
is shared between the relay and the source. Since both the
source and the relay transmission cover half of total T time
interval, the powers of the source and the relay are given by
Ps = Pr = Pt.
III. ACHIEVABLE RATE ANALYSIS
In order to derive achievable rate, we should firstly define
signal-to-interference plus noise ratios (SINRs) between each
node for both symbols.
According to (1), since the x2 symbols have more power,
the relay and the destination detects them by pretending x1
symbols as noise. Thus, the received SINRs for x2 symbols
between S-R and S-D are given as
SINR
(sr)
x2 =
(1− α)pPsγsr
αpPsγsr +N0
,
SINR
(sd)
x2 =
(1− α)pPsγsd
αpPsγsd +N0
.
(6)
We hereby remind that p changes according to used EH pro-
tocol and the Ps is the source power defined for that protocol
in the previous section. At the relay SIC is implemented to
obtain x1 symbols, thus the received SINR for x1 symbols
between S-R is given
SINR
(sr)
x1 =
αpPsγsr
N0
. (7)
Lastly, according to (2), the received SINR for x1 symbols
between R-D is given as
SINR
(rd)
x1 =
Prγrd
N0
. (8)
We again note that Pr differs for each protocol as defined in
the previous section.
Fig. 2. Time schedules for a) EH with PS protocol b) EH with TS protocol c) EH with ideal protocol d)Benchmark (No EH)
The achievable rate in a cooperative relaying system is
limited by the weakest link. Thus, the achievable rates for
the symbols are given by
R1 = min{R(sr)1 , R(rd)1 },
R2 = min{R(sr)2 , R(sd)2 }.
(9)
By using Shannon rate formula [20], the achievable rates are
obtained as
R1 = ζ log2
(
1 + min{SINR(sr)1 , SINR(rd)1 }
)
,
R2 = ζ log2
(
1 + min{SINR(sr)2 , SINR(sd)2 }
)
,
(10)
where ζ coefficient exists since only a definite/part of time
interval is used for transmission through S-R/D or R-D. Thus,
ζ differs according to EH protocol and it is given as
ζ ,
{
1
2 , in PS and ideal protocols,
1−ξ
2 , in TS protocol.
(11)
In order to obtain ergodic rates, we firstly substitute (6), (7)
and (8) into (10) and then average over instantaneous γk. Let
analyze x2 symbols firstly, with some algebraic manipulations,
the ergodic rate (capacity) of x2 symbols is given by
C2 =
∞∫
0
ζ log2 (1 + Y pPs/N0) fY (y)dy
−
∞∫
0
ζ log2 (1 + Y αpPs/N0) fY (y)dy,
(12)
where Y , min{γsr, γsd}. fY (y) is the probability density
function (PDF) of Y and it is given by
fY (y) =
(
1
σ2sr
+
1
σ2sd
)
exp
(
−y
(
1
σ2sr
+
1
σ2sd
))
, y ≥ 0.
(13)
And the ergodic rate for x1 symbols are given by (14) (see
the top of the next page).
It is noteworthy that Pr in (14) changes according to EH
protocol. Hence, by substituting Pr derived in Section II.A for
each EH protocol and with some simplifications, the erdogic
rate of x1 symbols turns out to be
C1 =
∞∫
0
ζ log2 (1 + Ps/N0Z) fZ(z)dz, (15)
where we define Z , γsrW and W , min{pα,Υγrd}.
According to EH protocol,
Υ =

ηρ, in PS protocol,
2η ξ1−ξ , in TS protocol,
η, in ideal protocol
(16)
is defined.
In order to derive PDF of Z, we firstly derive PDF of W .
Since the αp is a constant and γrd is exponentially distributed,
the PDF W is obtained as
fW (w) = exp
(
− αp
Υσ2rd
)
δ (w − αp)
+
1
Υσ2rd
exp
(
− w
Υσ2rd
)
(1− u (w − αp)) , w ≥ 0,
(17)
where δ() and u() denote unit impulse and unit step functions,
respectively. The PDF of Z is obtained as
fZ(z) =
∞∫
0
fw(w)fγsr (z/w)
1
w
dw
=
1
αpσ2sr
exp
(
− z
αpσ2sr
− αp
Υσ2rd
)
+
αp∫
0
1
Υσ2rdσ
2
srw
exp
(
− z
σ2srw
− w
Υσ2rd
)
dw.
(18)
By substituting (18) into (15), the ergodic rate of x1 symbols
is obtained. Finally, the sum-rate (throughput) of NOMA-CRS
with WPT is obtained as
Csum = C1 + C2, (19)
IV. NUMERICAL RESULTS
In this section, we present Monte Carlo simulations to
validate theoretical analysis. In all figures, simulations are
presented by markers and theoretical curves2 are denoted by
lines. All simulation results are presented for 105 channel
realizations.
In Fig. 3 and Fig. 4, we present ergodic sum-rate of NOMA-
CRS with WPT for two different channel conditions those
are σ2sr = 3dB, σ
2
sd = 0dB, σ
2
rd = 3dB and σ
2
sr = 10dB,
2In numerical integration, the infinity in the upper bounds of the integrals
is changed with 103 not to cause numerical calculation errors.
C1 =
∞∫
0
∞∫
0
ζ log2 (1 + min{αpPs/N0γsr, Pr/N0γrd}) fγsr (γsr)fγrd(γrd)dγsrdγrd (14)
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Fig. 3. Sum rate of NOMA-CRS with WPT vs. total SNR (Pt/N0) when
σ2sr = 3B,σ
2
sd = 0B and σ
2
rd = 3B a) α = 0.1 b) α = 0.2
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Fig. 4. Sum rate of NOMA-CRS with WPT vs. total SNR (Pt/N0) when
σ2sr = 10B,σ
2
sd = 3B and σ
2
rd = 10B a) α = 0.1 b) α = 0.2
σ2sd = 3dB, σ
2
rd = 10dB, respectively. In both figures, two
different power allocations for NOMA are chosen as α = 0.1
and α = 0.2. The achievable rate of NOMA-CRS with WPT
is presented for all EH protocols (i.e., PS, TS and ideal
protocols). In PS protocol, ρ = 0.1, 0.3 and in TS protocol
ξ = 0.1, 0.2 are chosen. In all figures, the energy conversion
coefficient η = 0.95 is assumed. First of all, it can easily be
seen that analytical analysis matches perfectly with simula-
tions. As expected, when the channel conditions are better (i.e.,
Fig. 4), the achievable rates for all EH protocols are improved.
In all scenarios, PS protocol outperforms TS protocol and
NOMA-CRS without EH. Besides, its performance is very
close to ideal EH protocol. On the other hand, TS protocol is
superior to the case without EH in low SNR region. However,
it provides lower sum-rate in high SNR region.
One can easily see from the above-mentioned figures that
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Fig. 5. Sum rate of NOMA-CRS with WPT in PS protocol vs. ρ when
σ2sr = 10B,σ
2
sd = 3B, σ
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the chosen parameters for EH (i.e., ρ, ξ) and the power
allocation coefficient (i.e, α) have dominant effects on the
sum-rate of NOMA-CRS with WPT. To this end, we present
sum-rate of NOMA-CRS with WPT with the change of ρ in
PS and of ξ in TS protocols in Fig. 5 and Fig 6, respectively.
In both figures, the channel conditions are assumed to be
σ2sr = 10dB, σ
2
sd = 3dB, σ
2
rd = 10dB and the total transmit
SNR (i.e., Pt/N0) is fixed to 20dB. It is clearly seen that
according to chosen parameters, both PS and TS protocols
may be either close to ideal protocol or worse than the case
without EH. The optimum values which provide maximum
sum rate for this scenario can be chosen as ρ = 0.135 in Ps
and ξ = 0.025 in TS protocols. Lastly, in order to reveal the
effect of power allocation coefficient on sum-rate, we present
the sum-rate with respect to power allocation coefficient (i.e.,
α) in Fig. 7 for the same channel conditions in Fig. 5 and
Fig. 6. The EH parameters are chosen according to previous
discussions as ρ = 0.135 and ξ = 0.025. Based on Fig. 7,
under maximum sum-rate constraint and by considering all
EH protocols, the optimum power allocation in NOMA-CRS
with WPT is seen as α = 0.078.
V. CONCLUSION
In this paper, we propose EH in NOMA-CRS networks.
Three different EH protocols (i.e., PS, TS and ideal) are
considered and for all protocols, the achievable rate of NOMA-
CRS with WPT is analyzed. The analysis is validated via
computer simulations. Based on simulation results, it is re-
vealed that NOMA-CRS with WPT outperforms the bench-
mark (NOMA-CRS without EH). In other words, higher sum-
rate is achieved with the same total energy consumption.
Considering the energy efficiency constraint, WPT is seen
as promising solution and the WPT implementation in other
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NOMA-involved systems are the future directions of our
researches.
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